. Importantly, while the sequence surrounding this site is well conserved in all three ERM proteins, it is quite distinct in merlin.
Merlin is also phosphorylated on serine/threonine residues in response to a variety of conditions in culture (Shaw et al., 1998b) . The simplest interpretation of the available data is that phosphorylation inactivates merlin. High levels of a hypophosphorylated form of merlin are associated with conditions of growth arrest by serum deprivation, increased cell density, and loss of adhesion. Interestingly, these are all conditions under which Rho GTPase signaling is downregulated (Kjoller and Hall, 1999; Ren et al., 1999) . Given the links between RhoA and ERM phosphorylation, merlin phosphorylation and growth control, and loss of merlin function leading to metastatic tumors in mice, we have investigated Supplemental Figure S1 at http://www.developmental. com/cgi/content/full/1/1/63/DC1). To address whether sequential activation of Rac by Cdc42 (Nobes and Hall, Rho GTPase activation affects merlin phosphorylation, 1995). A third merlin species with even slower mobility NIH3T3 cells were transfected with wild-type merlin and was also noted in the presence of activated Rac or either activated or dominant-negative alleles of the Rho Cdc42; this band may represent a super-phosphoryfamily members RhoA, Rac1, and Cdc42Hs. Importantly, lated form of merlin. Phosphatase treatment of immunothe pattern of phosphorylation of exogenous merlin unprecipitated merlin from Rac-transfected cells demonder various conditions in culture is comparable to that strated that the Rac-induced mobility shift is due to of endogenous merlin (see Figure 1A, (Shaw et al., 1998c) ; activated Rac had no additional effect on the mobility of this fragment. In contrast, the C-terminal half of merlin (residues 352-595) migrates as a doublet; introduction of activated Rac increased the amount of the upper species. Further deletion mapping narrowed the Rac-responsive region to residues 476-537 (Figure 2A) . Orthophosphate labeling experiments revealed that although both the N-and C-terminal halves of merlin are phosphorylated in serum-starved cells, the introduction of activated Rac leads to increased incorporation of radioactive label in the C-terminal half only (data not shown). These data suggest that while there may be many phosphorylation sites in merlin, the Racresponsive site(s) lie in the C-terminal half.
Within this region are ten serine/threonine residues, eight of which are surrounded by consensus kinase recognition motifs ( Figure 2B ). Each candidate residue was individually mutated to alanine in the context of the fulllength molecule and transfected with and without activated Rac, to determine whether loss of any one site could affect Rac-dependent phosphorylation. As shown in Figure 2C , conversion of T577 to alanine did not effect basal or Rac-induced merlin phosphorylation; T577 is analogous to T558 of moesin, which is a target of RhoAinduced phosphorylation (Matsui et al., 1998 . This is consistent with our observation that Rho activation can be phosphorylated in vitro in a Rac-dependent manner, indicating that S518 is phosphorylated directly (J. Kissil and T.J., unpublished data). had no effect ( Figure 1C ). These results suggest that activation of endogenous Rac, and perhaps Cdc42, can Effect of S518 Phosphorylation on Merlin Function mediate merlin phosphorylation.
We next investigated whether Rac-induced phosphoryMany serine/threonine kinases are known to be actilation of merlin regulates its activity. Phosphorylation of vated by Rac and/or Cdc42, and are thus candidates the ERM proteins inhibits self-association and promotes for mediating the effect of Rac activation on merlin phostheir ability to link membrane and cytoskeletal partners. phorylation (Aspenstrom, 1999). However, neither of two Thus, we investigated the effect of Rac-dependent well-characterized Rac effector mutants (RacV12A37, phosphorylation on the ability of the N-and C-terminal RacV12K40) was capable of stimulating merlin phoshalves of merlin to interact. First, the epitope-tagged, phorylation ( Figure 1D , 1996) , this result suggests that multiple tion of the N-terminal portion followed by immunobloteffector pathways are required for merlin hyperphosting for the C-terminal half revealed the association of phorylation or that an uncharacterized pathway that is the two ( Figure 3A ). Mutation of S518 to aspartic acid, dependent upon both amino acids 37 and 40 of Rac is which is predicted to mimic phosphoserine, inhibited the responsible for this effect.
interaction of either the full-length or C-terminal forms of merlin with the N-terminal half. In contrast, mutation of Identification of Rac-Induced Phosphorylation Sites S518 to alanine in the context of either the full-length To identify Rac-induced sites of phosphorylation in meror C-terminal half of merlin resulted in a stronger associlin, we transfected activated Rac with a series of epiation with the N-terminal half. These data imply that tope-tagged merlin truncation mutants and examined the S518A mutant is not stably "closed" and therefore their phosphorylation by electrophoretic mobility shift unavailable for interaction with the HA-N-terminal portion. This idea is supported by the recent demonstration ( Figure 2A ). As described previously, the N-terminal half hyper-and hypophosphorylated merlin species were found in the detergent insoluble fraction ( Figure 3B ). When activated Rac was introduced, a significant amount of hyperphosphorylated merlin appeared in the soluble fraction. In contrast, activated Rac had no effect on ezrin solubility ( Figure 3B ). Consistent with this observation, examination of the detergent-solubility of expressed full-length S518A and S518D mutants revealed the relative insolubility of S518A and solubility of S518D compared to wild-type ( Figure 3C ). Together, these results suggest that Rac-induced phosphorylation of merlin weakens both its head-to-tail interaction and association with the cytoskeleton. increased activity of the AP-1 transcription factor, composed of heterodimeric combinations of jun and fos family members (Ip and Davis, 1998). After first ascerthat association of the N-and C-terminal halves of merlin is a weaker and more dynamic interaction than that of taining that merlin could also specifically block Racinduced AP-1 activity, we asked whether this ability was the ERM proteins (Nguyen et al., 2000). We also examined these interactions directly by mixing 35 S-labeled in dependent on merlin's phosphorylation state ( Figure  4C ). Our studies of merlin phosphorylation predict that vitro-translated versions of full-length merlin with the HA-tagged N-terminal half of merlin and immunoprecipihypophosphorylated merlin is the active, tumor suppressor form of the protein and that hyperphosphorylatating using anti-HA antisera; these experiments gave similar results (data not shown). These data suggest tion inactivates it. To link merlin phosphorylation to its ability to block Rac signaling, we asked whether phosthat phosphorylation of S518 disrupts merlin self-association, and perhaps oligomerization.
Overexpression of Merlin Blocks Rac-Mediated Transformation and Signaling
phorylation-defective (S518A) or phosphorylation-mimicking (S518D) forms of merlin could also block RacGiven the distinct localization of merlin to areas of dynamic actin reorganization and its potential to interact induced signaling. Strikingly, we found that while the S518A mutant inhibited Rac-induced activation of AP-1 with membrane and cytoskeleton proteins, localization is likely to be critical for its function. Thus, we examined reporter activity as well or better than the wild-type protein, S518D was clearly compromised in its ability to the effect of Rac-dependent phosphorylation on the detergent-solubility of merlin. In serum-starved cells both block Rac-induced signaling relative to wild-type (Figure 
4C). Immunoblotting confirmed that equivalent levels of
To determine whether AP-1 activity was also upregulated in these cells, we introduced an AP-1 luciferase wild-type and mutant merlin protein were expressed in reporter into wild-type and Nf2 Ϫ/Ϫ immortalized fibrothese cells ( Figure 4C ). These results are consistent with blasts. As seen in Figure 5B , basal AP-1 activity was the possibility that Rac-induced phosphorylation inactiindeed increased in Nf2 Ϫ/Ϫ fibroblasts. Moreover, reinvates merlin. troduction of Nf2 expression into Nf2 Ϫ/Ϫ fibroblasts resulted in a dose-dependent decrease in basal AP-1 acExamination of Rac-Dependent Signaling tivity to the levels of wild-type cells ( Figure 5C ). Taken in Nf2-Deficient Fibroblasts together these results support the conclusion that loss Given a link between Rac signaling and merlin phosphorof merlin function is responsible for deregulated AP-1 ylation and regulation, we wanted to examine the integactivity in Nf2 Ϫ/Ϫ cells. rity of Rac signaling in the absence of Nf2. We previously In nearly every cell system examined, Rac plays a generated a Nf2 mutant strain of mice and found that central role in the formation of membrane ruffles during Nf2 homozygous mutant embryos fail at gastrulation, cell spreading, cell motility, and growth factor stimulaprecluding the isolation of embryo-derived fibroblasts tion (reviewed in Kjoller and Hall, 1999) . To address the directly (McClatchey et al., 1997) . Therefore, we genereffects of merlin deficiency on this classic cytoskeletal ated primary Nf2 Ϫ/Ϫ fibroblasts from chimeric embryos response, we plated primary fibroblasts on coverslips composed of both wild-type and Nf2 Ϫ/Ϫ cells (see Experand examined cell spreading by immunostaining for imental Procedures). In addition, several spontaneously F-actin and the ERM proteins, which highlight the dyimmortalized fibroblast lines were generated for each namic cortical cytoskeleton. In contrast to wild-type genotype; these cells were used where indicated. cells, at one hour post-plating, Nf2 Ϫ/Ϫ cells demonFirst, we compared the levels of phosphorylated (acstrated prominent membrane ruffles rich in F-actin and tive) JNK in wild-type and Nf2 Ϫ/Ϫ fibroblasts by Western ERM proteins ( Figure 6A ). At this time point, wild-type blot analysis. As shown in Figure 5A (left), we found that cells exhibited abundant apical microvilli, but few pebasal JNK activity was elevated approximately 4-fold in ripheral membrane ruffles. Notably, in addition to memcycling Nf2 Ϫ/Ϫ fibroblasts and was further induced upon brane ruffles, increased vesicles are also seen in the stimulation with serum or UV treatment. The same reNf2 Ϫ/Ϫ cells (see Figure 6A ). Both of these phenotypes sults were obtained by kinase assay (Figure 5A, right) are observed in cells overexpressing activated Rac (Van Aelst and D'Souza-Schorey, 1997). and in Nf2 Ϫ/Ϫ ES cells (data not shown).
promoting motility (Nobes and Hall, 1999) . Therefore, the behavior of Nf2-deficient cells is most consistent with increased Rac-or Cdc42-dependent motility.
Discussion
Cloning of the NF2 gene several years ago revealed that its encoded protein, merlin, is a member of a family of cytoskeleton:membrane linkers whose function is not well understood. Thus, merlin occupies an intriguing subcellular location for a tumor suppressor. The generation and study of Nf2-mutant mice confirmed its role as a tumor suppressor and suggested an additional role as a metastasis suppressor (McClatchey et al., 1998) . Nevertheless, the molecular basis for the growth suppressing function of merlin remains elusive. We now provide several lines of evidence linking merlin function to signaling by the small GTPase Rac. Given the large body of evidence linking Rac activation to cell transformation, cell motility and invasion, these results suggest a mechanism whereby merlin exerts its tumor and me- saturation density and forming a multilayer rather than a monolayer (our unpublished data).
Transcriptional Reporters
These studies suggest that the molecular basis for 
Nf2
ϩ/Ϫ mice, and ultimately in treating tumors in NF2
